where a, i, and T are the stress, creep strainrate, and absolute temperature, respectively, and where A, E, and N are material constants, and R is the universal gas constant. Considering that N usually ranges fi-om 3 to 7 for most crystalline materials (NS5.5 for halite), it is clear from Eq. (1) that the steady creep problem is highly nonlinear, and numerical techniques must be undertaken to solve real problems.
Extension of the one-dimensional observations for metallic creep is carried out to multiaxial stress states by use of the Prandtl-Reuss flow rule of plasticity; thus, the creep strain-rates are proportional to the stress deviators. This constitutive relation, together with the equilibrium equations and strain-rate-velocity equations, constitutes a problem of steady-state creep. It is clear from these equations that the steady creep problem is not unlike the nonlinear clastic problem for incompressible materials: thus, numerical methods capable of solving the nonlinear elastic problem, such as the method of successive elastic solutions,* may be applicable to the steady creep problem.
The main com lusion of this study and recommendations for further work are contained in Section II. Section IV contains a brief description of the axisymmetric creep code CSAAS which incorporates the numerical rr ?thods of Section III into a working code. Result*, from use of this numerical method are compared to those from one-dimensional steady creep test problems for which analytical creep rates can be obtained. There is good agreement between exact and calculated creep rates.
The stability of cavities in massive salt bodies is discussed in Section V. Recent proposals to use cavities for storage of radioactive wastes and as a means of energy extraction from thermonuclear explosives' have made necessary an accurate prediction of the creep behavior of in situ salt at geothermal and elevated temperatures. When the numerical method was applied to the examination of the long-term stability of a spherical cavity in halite, various steady motions of the cavity could be observed, depending on the depth, the temperature field, and the cavity pressurization. Thus, for a 200-m-radius cavity at a depth of 2 km in a salt dome with geothermal temperature field of 27. 5°C/km of depth, the steady creep rate ranged from about 0. 1 mm/yr for full cavity pressurization (which balanced the overburden pressure) to about 30 m/yr for no cavity pressurization. In the former case the deformation mode was that of a buoyant (rising) cavity; with no cavity pressure, the deformation mode was that of a collapsing cavity with a maximum and minimum of radial inward velocity at the base and the top of the cavity, respectively. For a localized radially symmetric "hot spot" temperature field of 500°C on the wall of the same cavity, with full pressurization and with the interior temperature field that of the 20-yr transient field, the steady creep rate was calculated to be 100 mm/yr; the deformation mode was slumping of the cavity wall with salt flow down the vertical face of the cavity.
A geomechanical model for the formation of halite domes is also discussed in Section V, and steady creep rates are calculated.
II. CONCLUSIONS AND RECOMMENDATIONS
This report is concerned primarily with the description of a finite element code capable of treating long-term steady-state creep problems. Application of the code to the stability of Pacer cavities 8 in salt domes has led us to a number of conclusions concerning these cavities as well as to certain recorimendations for further numerical work on the behavior of salt-dome cavities in particular am. creep flow problems in general. In addition, certain observations are made about the numerical method of this report, and modifications are recommended.
The following are our main conclusions:
(1) The time stepping method described here, together with a stiffness formulation for an incompressible finite element, provides a stable and accurate method for predicting long-term steady creep.
(2) Although we use the recommended method of successive approximation (see Refs. 4 or 9) to improve on our long-term creep solution, we have seldom observed convergence of this method when used with finite element discretization for bona fide two-dimensional problems. (4) The internal pressurization (and the modest swings in pressure) proposed for Pacer cavities will stabilize those cavities so that long-term creep--characterized by squashing of the cavity--will not be a problem.
(5) Vertical slumping of the cavity wall will occur at a rate of a.iout 100 mm/yr at the 20-yr temperature profile (500°C on the wall of a halite dome that was initially 100 °C) and consequently should not be a problem.
(6) Buoyant cavities rise at trivial rates, and this deformation mode occurs when the overburden pressure at the equator of the cavity is balanced by the internal pressure.
(7) Defects in the cavity wall should not present a problem unless there is also a pressure-free surface associated with the defect. If such a differential surface loading exists then steady creep will occur. An example of a steady creeping flow from such a loading state is that of the mechanism advanced for formation of the great salt domes.
The following are four recommendations for analytical work to provide better understanding of the creep behavior of cavities in salt domes:
(1) The present version of the creep code CSAAS should be modified to take into where {si is the deviator tensor which for axisymmetric stress states takes the form (9) = (u..w.,u.,w.,u k ,w k ) .
(4)
The interested reader should consult Chapter 5 of ftef. 5 for details. The equilibrium of any element A then requires that Equations (10)- (12) Using Eq. (3> for {del in terms of incremental displacements {d6l, and then substituting into Eq. (5) for element equilibrium gives
where [k] is the element stiffness matrix, n
Assembling the equations for element equilibrium and annihilating the internal nodal forces then gives (for cotratant external loads)
where [dFl are the nodal forces caused by the incremental creap strains and [K] is cne master stiffness matrix. The system of equations (17) is then resolved for the incremental displacements, and the procedure can then be repeated for the next time increment using the new stress state. Note that the master stiffness matrix, once formed, is used in all succeeding re-solutions. When initial strain methods are used, numerical instability occurs as long-term steady creep is approached. For the sake of economy, these problems need to be solved using relatively long time intervals, but such large intervals dt yield solutions where creep increments calculated from Eqs. (11) and (12) are unstable--in this context instability refers to an oscillating divergence of stresses as creep continues (see Refs. 6 and 10). To overcome this difficulty, we propose to use the average stress values during the time increment dt for computation of the incremental creep strains. Thus, from Eqs. (11) and (12) we write
where a bar indicates the midinterval value,
The increment in a can be computed from the and where the vector [vl is given by
If now the expression in Eq. (22) for incremental creep strains and that in Eq. (7) We will describe briefly the alterations to the stiffness matrix that we have incorporated for creep analysis. SAAS 12 is the computer code on which our method is based. It uses a quadrilateral composed of the four triangular elements (in which the shape functions are linear in r and z) shown in Fig. 2 . A common pressure variable is taken ior all four triangles. The matrix [D*] is formed and then reduced according to the analysis of Re;". 7 for cylindr>caliy or*hotropic materials (no shear corrections are made). In this manner, a new 5-by-5 constitutive matrix is generated. Formation of the subijlement stiffness matrix is carried out, followed by elimination of the central node and the common pressure term for the four subtriangles 
IV. FINITE ELEMENT PROGRAM CSAAS A. Description of the Computer Program CSAAS
The processes of numerical analysis for transient and steady creep described in Section III have been incorporated into the two-dimensional axisymmetric stress and thermal analysis program TSAAS. The TSAAS finite element code is an extensively modified version of the widely known SAAS code 13 and uses the quadrilateral element of Because of the existence of the TSAAS code with its elaborate pre-and past-processors, it was decided to modify this code for transient and steady creep rather than to develop an entirely new creep code which possibly could have higher order isoparametric elements. 5 The flow chart, Fig. 3 Although the finite element analysis in Section III employed a creep law of the Weertman form (see Eq. (1)) and assumed incompressible creep flow, in the CSAAS code we have, in addition, allowed for a general time-hardening power law of the form The numerical method used in CSAAS is stable over very long times, in contrast to that used in the usual initial strain procedure where instability occurs as steady state is approached. Table I illustrates this numerical stability feature in more detail. The analytical value of the steady-state radial velocity at the inner radius of the tube was computed from the example given in Chapter 7 of Ref. 1 as 0.4777 x 1CT E m/s. Considering the high degree of nonlinearity of this problem, we regard this to be excellent agreement between our computed value and the analytical value.
The mesh for the second test problem, a thickwalled halite sphere, is shown in Fig. 5 calculations to follow are given in Table II . Tl:e creep behavior was taken to be of the form of Eq. (1) in terms of effective stress and strain-rate; the creep constants are those of Heard. 3 We emphasize again that the elastic properties are used primarily to generate the initial elastic stress state. We treated this problem as one of steadystate thermal creep, with the temperature field being that of the steady state with 500 °C on the inner surface and 100°C on the outer surface of the sphere. The variation of effective stress at the inner and outer elements with time, starting with the elastic values at t = 0, is shown in Fig. 5 . Note the complete turnabout of the inner and outer The overburden loading at the equator of this cavity is equivalent to a pressure of 440 bars. On the premise that the creep stability of such a cavity is dependent on the presence of internal pressurization of the cavity, we carried out creep calculations with values of internal pressure of 0, 110, 220, 330, and 440 bars. The halite properties used in the calculations were those given in Table II ; the mechanical boundary conditions on the salt dome are indicated in Fig. 7 .
The results of these calculations are summarized in Table HI The influence of the cavity depth on the steadystate creep rate was investigated using the finite element meshes shown in Figs. 13, 14, and 15  together with Fig. 7 . Again the salt dome was taken to be a circular cylinder of 2-km radius with a spherical cavity of 200-m radius centered on the axis of the cylinder. The previously described geothermal gradient was used to set the temperature field in the i«lt dome, and the cavity was taken to be unpressurized. The mechanical boundary conditions were again taken as shown in Fig. 7 . TABLE III  TYPICAL STEADY-STATE VELOCITIES AT SELECTED  LOCATIONS IN THE GEOTHERMAL SALT-DOME Table IV , the subsidence velocity was constant across the top surface of the salt dome. The material flow rate across the top surface of the salt dome agreed with the material flow rate across the cavity surface (based on the radial velocity at the cavity equator) to within one or two percent. This provided a check on the incompressibility of the steady creep flow.
s,
We have concluded from this study that the steady creep rate of cavities in salt domes at geothermal temperatures depends strongly on the difference between the overburden pressure and the internal pressure in the cavity. For instance, for unpressurized cavities the creep rate will depend strongly on the distance from the surface to the ]•! Fig. 11 . Effective stress contour plot (0 internal pressure). 
!7
The presence of the Tree boundary in our model roughly simulates the differential overburden loading of a defective overlaying rock stratum. Halite mechanical properties (Table II) , a pressure p equal to 10 bars, a disc radius of 5 km, and c equal to 1 km were used in the calculations; a number of runs were made with varying values of h.
A vector plot of the nodal velocities for a thick disc (1000 m) is shown in Fig. 19 . The flow is primarily radial under the far field pressure loading, and at any given radius, the radial velocity is nearly constant and the vertical velocity is linear with z. Near r = c the flow turns and becomes a nearly uniforin vertical upward velocity on the disc (0 •£ r s c, z = h). This instantaneous velocity field, if applied over a sufficiently long time, would produce a vertical cylinder of deformed halite as conjectured in Ref. 15 . Of course, a detailed calculation of the evolution of the salt dome would require consideration of the changing geometry of Fig. 16 . Twenty-year temperature profile and effective stress and vertical velocity at the equator of the "hot spot" cavity. Table V . 
